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ANALYTICAL AND EXPERIMENTAL STUDIES OF ACOUSTIC PERFORMANCE 
OF SEGMENTED LINERS IN A COMPRESSOR INLET 

R.E. Motsinger, R.E. Kraft, J.E. Paas, and B.M. Gahn 

General Electric Company 


SECTION 1.0 


SUMMARY 


I 

This report presents the results of an analytical and experimental 
investigation of acoustic suppression expected versus that actually achieved 
with multi-segmented treatment on the inlet of a compressor stage/ simulating 
the fan of a turbofan engine. The analytical prediction for the jinulti- 
segmented treatment from the analysis developed by W. Zormuski (Reference 1) 
was found to provide the correct order of magnitude of suppression and was 
generally within 50% of that determined experimentally. In ordej: to improve 
the correlation, further refinements are required in: (1) measurement of the 

source characteristics in terms of its complex acoustic pressure; and con- 
stituent modal amplitude and phase; (2) the algorithm used in q’he program- 
ming of the analysis to find the eigenvalues of the treated duct; (3) the 
determination of the acoustic impedance of the treatment under conditions 
equivalent to those imposed by aircraft engine ducts. While this work was 
exploratory in nature, particularly in regard to the measurement! of the modal 
characteristics of the source, the results suggest that work to develop this 
approach further will lead to a useful and reliable prediction method. 

In addition, this report presents the results of an experimental study 
of the acoustic suppression that can be achieved by means of the effect of 
high-subsonic flow Mach number in the inlet, per se, and of the amount that 
this effect can be augmented by means of acoustic treatment. The data show 
that the suppression due to high subsonic Mach number flow effects become 
significant above an average throat Mach number of 0.65 to 0.7 and that 20 
PNdB can be achieved with an average throat Mach number in the range of 0.80 
to 0.85; further, the data show that an inlet with a length-to-diameter ratio 
of 1.42 operated with pressure recovery of 0.99 or greater over this throat 
Mach number range. It showed that the effects of flow and of treatment are 
not additive, but that the acoustic treatment was as effective in the high 
Mach inlet as in the cylindrical inlet. 

Finally, data are given for the measured turbulence in the inlet, in- 
cluding the axial and circumferential turbulence intensities and the axial 
integral length scale. These data are presented for the inlets as tested for 
the inlet suppression studies and for the inlets after an inlet screen was 
added to smooth the turbulence. Data with and without the inlet screen are 
presented, showing that the screen reduced the turbulence intensities and 
that the BPF noise was reduced as a consequence. 
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SECTION 2.0 


INTRODUCTION 


Reduction of noise radiated from the inlets of turbofan engines without 
resort to the use of acoustically treated splitters is essential for meeting 
Federal regulations on aircraft flyover noise while avoiding performance 
penalties and operational difficulties, or even potentially hazardous condi 
tions, which could arise from ice formation on such splitters. As regulated 
noise limits are progressively lowered in the years to come, the continued 
need for improvement in suppression techniques will require the use of more 
and more sophisticated design approaches. 

Two such approaches have been investigated in the present study: one is 

based on the multisegmented (or multi-phased) treatment concept evolved by 
Zorumski(l), and the other is based on the high-subsonic velocity flow ef- 
fects upon acoustic propagation (attenuation) that has been experimentally 
observed for untreated inlets of variable cross-sectional area*. 

The multi-phased treatment concept consists of incorporating two or more 
acoustic treatments of different impedances on the duct wall so that at the 
interfaces between any two treatment panels, reflection and redistribution of 
acoustic energy into higher order modes occur, thereby causing the treatment 
to be more effective in absorbing the noise. Zorumski T s analysis^) provides 
the understanding and permits the analytical prediction of these effects. 

The effect of high-subsonic velocity flow on duct propagation is not as 
well understood. The surprising aspect is that the suppression becomes 
significant well before sonic velocities are reached in the inlet, but this 
is already known from prior tests*. The present study, therefore, was con- 
cerned with achieving this effect with high performance and with determining 
the benefit of incorporating treatment so as to include the combined benifits 
of flow and (single or multi-phased) treatment in the so-called "hybrid" 
concept. Because the high-subsonic velocities needed to achieve acoustic 
suppression are too large to present to the compressor rotor, relative 
to current design practice limits, the inlet is contoured so as to have 
the smallest flow area (throat) immediately downstream of the inlet lip, then 
the area is increased so that the airflow is diffused and ’the velocity is 
slowed to values that are within acceptable limits. The possible effect of 
this diffusion process upon ingested aerodynamic turbulence cell-size and 
intensity-levels and, thence, the effect of this (possibly amplified) tur- 
bulence on the rotor-generated noise ,3, 4) i e d to some concern with regard 
to whether any suppression benefit from the high-subsonic flow effects might 
be reduced or totally lost as a result of increased source noise level. 
Therefore, this aspect was also studied experimentally in this program. 


*Unpublished data , 


/ 


3 


Use of trade names or names of manufacturers in this report does not 
constitute an official endorsement of such products or manufaturers, either 
expressed or implied > by the National Aeronautics and Space Administration. 
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SECTION 3.0 


OBJECTIVES 


The general objectives of this report are: to show the correlation 

obtained between predicted and measured acoustic attenuation in a compressor 
inlet duct with multisectional acoustic treatment; to show the effect of high- 
subsonic-velocity flow on the acoustic and aerodynamic performance of an inlet 
with and without such treatment; and, to document the inlet turbulence levels 
and associated farfield noise from the compressor when tested in the NASA-LRC 
anechoic chamber with the conventional and high-subsonic Mach inlets, with and 
without an inlet screen for smoothing the turbulence. More specifically: 

1. The primary purpose of this report is to compare the suppression 
predicted for specified inlet treatment configurations from the 
analysis developed at NASA-LRC by Zorumski' ' and implemented in 
the "Acoustic Theory of Axisymmetric Multisectioned Ducts' 1 
computer program, ACTAMD, with the suppression achieved by 
these configurations on an experimental compressor and, to make 
recommendations for any improvements in the analysis identified as 
a result of this comparison. 

2. A secondary objective is to provide information on the experi- 
mentally determined aerodynamic performance and acoustic suppres- 
sion for an "accelerating" inlet with and without multisectional 
treatment, showing the effect of high subsonic velocity flow, up to 
0.83 average throat Mach number, on the suppression achieved. 

3. The final objective is to provide information on the axial and 
circumferential turbulence intensity levels and on the integral 
length scale in the axial direction of the turbulent cells, for 
both the conventional (cylindrical) and the accelerating inlet on 
the compressor as installed in the NASA-LRC Anechoic Chamber also, 
to document the measured farfield noise levels radiated from the 
compressor inlet for the same test conditions, without instru- 
mentation rakes in the inlet; finally, to show the effect of an 
inlet screen on both turbulence and noise for each inlet type. 
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SECTION 4.0 


THEORETICAL CONSIDERATIONS 


The basis for the design of the acoustic treatment, a discussion of the 
wavefield theory, and the mathematical model of the test vehicle used for 
the analytical program are presented in this section. 


4.1 LINER DESIGN 


Since the primary purpose of this study was to establish the experi- 
mental verification of the analytical prediction of suppression by the 
acoustic field theory outlined by Zorumski(l), the acoustic treatment designs 
evolved for the experiment included six different basic panels. These six 
allow permutations of three at a time to provide 120 different possible 
treatment configurations. In this way the segmentation effects postulated by 
Lansing and Zorumski in Reference (5) and by Zorumski in Reference (6) as 
having possible beneficial effect could be investigated by selection of 
favorable combinations. 

The criteria used for evolving these particular panel design choices 
consisted of the following: 

o One of the panels should be designed for the values of reactance 
and resistance expected to be near optimum for the m=-7 
Tyler-Sofrin rotor-stator interaction^) mode expected for the 
vehicle with its 19 rotor blades and 26 stators. A baseline test 
of this panel, at the same treated length-to-diameter ratio as 
used for the multi- segmented configurations, should be included 
as a reference for evaluating the improvement achieved by multi- 
segmenting or "multi-phasing" . 

o To obtain the beneficial effect of impedance mismatch at the 

interfaces between adjacent segmented panels, the specific reac- 
tance of the panels, X/pc, must change abruptly in sign(6) (from 
negative to positive or vice-versa) . Desirable values of the 
specific reactance at the design frequency should be -1, 0, and 
a high positive value; also, in the adjacent 1/3 octave frequency 
bands on either side of the design frequency two of the panels 
should have reactances of opposite sign so that the criteria of 
Lansing and Zorumski (5 » 6) could be met at more than one frequency. 
Three panel depths were selected to meet these criteria (see 
Section 5.1.4) . 
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To include the possible differences in effects between dissipative 
and reflective liners(5), there should be two sets of panels of 
different resistances: one set with a nominal 10% porosity in the 

faceplate and the other with 25%. The 10% porosity is estimated to 
provide between 1.0 and 1.5pc resistance, typical of dissipative 
panels; and, the 25%, between 0.4 and 0.6pc, approaching that of 
reflective panels. 

Six panels, therefore, were designed to obtain a range of variations on both 
reactance and resistance which, in general, met the criteria which prior 
studies showed were desirable in order to achieve enhanced suppression as a 
result of the use of multisectional treatment. 

The computer program of Zorumski’s analysis, ACTAMD, was used to screen 
from the possible 135 multisegment permutations* a total of 15 segmented 
configurations for test in the experimental program (see Section 5.1.4 and 
Table III). A hard walled baseline case and two different lengths of uniform 
treatment were also tested. For this study, the principal frequency con- 
sidered was 6300 Hz (which occurs at a test-vehicle rpm that yields subsonic 
absolute tip Mach number, see Section 5.1.2), but since sensitivity to 
bandwidth may also be of concern, the adjacent 1/3 octave midpoint frequen- 
cies of 5000 and 8000 Hz were also considered in some cases. 

At this time, the source characteristics of the compressor and inlet 
duct had not yet been determined, so the screening analysis was done assuming 
that the blade passing frequency tone noise was dominated by rotor-stator 
noise; accordingly, the Tyler-Sofrin prediction for rotor-stator interaction 
(seventh-order) spinning mode number was assumed. Additional assumptions for 
this study included: 1) the first three radial modes (which are all cut on) 

were of equal amplitude and zero relative phase at the entrance to the 
treated section (input into the sof twall) ; 2) the resistances of the 10% and 
25% porosity faceplate were 1.5 and 0.5pc, respectively; 3) the airflow was 
of uniform velocity, 0.4 Mach number, throughout the duct cross-section; 4) 
the boundary condition at the wall was continuity of particle displacement. 
The suppressions predicted on this basis for 49 configurations of the 6 
treatment panels, including 6 single phase and 43 multisegment combinations, 
are summarized in Table I; those configurations selected for test are also 
identified . 

Calculated suppressions for a given duct configuration are strongly 
dependent upon the source characteristics (relative amplitudes and phases of 
the excited modes) , so that a truly valid test of the theory can only be made 
if the source is well defined. For this purpose, a "Mode-probe" (see Section 
5.2.1) was used to determine the spinning mode order present at a particular 
radius of the test vehicle; this measured information was used in the ACTAMD 
program to predict suppressions for selected configurations as presented and 
discussed in Section 6.2. 


6 T 

^Permutations of (A, B ,C ,D, E , F) taken 3 at a time, -r-r = 120 
permutations of A, A plus one of B,C,D,E,F = 15; Total 135. 
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Table I. Predicted Suppressions. 


Panel Number 


Termination Cn-TThrL .Source 
Predicted Insertion Lo oo* AfVL, dB 

eoocTir* 


Selected for Teet* 
Cylindrical High Hach 
Inlet Inlet 


1 

2 

3 

5000 Hz 

6300 He 

H 

H 

H 

0,0 

0.0 

A 

A 

A 

13,0 

7.1 

B 

B 

B 

12.6 

6.9 

C 

C 

C 

10.3 

3.8 

D 

D 

D 

5.4 

4.2 

E 

E 

E 

5.6 

7.6 

F 

F 

F 

4.8 

1.4 

C 

B 

A 

12.8 

6.5 

c 

A 

B 

13.6 

6.9 

A 

C 

B 

12.0 

6.3 

B 

C 

A 

12.3 

6.4 

A 

B 

C 

12.3 

8.3 

B 

A 

C 

14.2 

9.3 

E 

B 

A 

- 

7.0 

B 

E 

A 

“ 

7.3 

E 

A 

B 

- 

7.3 

A 

E 

B 

- 

7.4 

B 

A 

Z 

10.7 

7.7 

A 

B 

E 

10.3 

7.4 

C 

E 

A 

- 

6.8 

E 

C 

A 

_ 

6.6 

C 

A 

E 

- 

7.3 

A 

C 

E 

- 

6.3 

£ 

A 

C 

- 

9.3 

A 

E 

C 

- 

8.5 

E 

C 

B 

* 

6.0 

C 

E 

■ B 

- 

6.7 

E 

B 

C 

- 

8.2 

B 

E 

C 

- 

8.3 

C 

B 

E 

- 

6.7 

B 

C 

E 

- 

6.0 

F 

z 

D 

6.1 

6.1 

E 

F 

D 

6.6 

5.6 

F 

D 

E 

6.1 

7.1 

D 

F 

E 

6.4 

5.4 

E 

D 

F 

7.0 


D 

Z 

F 

5.8 

9.1 

E 

A 

D 

- 

6.7 

B 

A 

D 

11.0 

6.6 

A 

E 

D 

- 

7.1 

A 

B 

D 

10.9 

6.7 

E 

E 

C 

- 

8.3 

E 

E 

F 

- 

7.9 

E 

C 

F 

- 

4.9 

B 

A 

F 

11.3 

- 

A 

B 

F 

10.0 

- 

A 

B 

A 

13.2 

- 

A 

A 

C 

13.6 

- 

A 

A 

B 

13.1 

- 

A 

A 

F 

10.8 

- 

A 

A 

H 

- 

- 


0.0 

/ 1.16.19 

/ 21 

5.2 

4.7 

5.2 

2.1 

2.9 

/ 2 

/ 22 

5.4 

/ 4 


5.0 

4.7 

4.9 

/ 8 

✓ 23 

5.4 

/ 3 


5.2 

/ 7 


_ 

- 

/ 20 

/ 24 


/ 14 


- 

✓ 15 


_ 

- 

/ 6 


_ 

- 

/ 5 


- 

/ 10 



/ 9 



/ 18 


- 

/ 13 


- 

/ 17 


- 

✓ 11 


- 

✓ 12 



^Numbers denote the configuration Identification aa defined In 
Toblea III and IV, 



4 . 2 WAVE FIELD THEORY 


The acoustic wave propagation in a duct with mean flow is described by a 
second order partial differential equation known as the convected acoustic 
wave equat ion' , 


V 


2 


P 



(4*1. 2-1) 


and associated wall boundary conditions 


Vp.n = i ( 1 - M — ) Bkp 
ok 


(4. 1.2-2) 


where 

p = acoustic pressure 
t = time 

Mq = mean flow Mach number 
k = axial propagation constant 
= unit vector normal to wall 

i = /Tl 

k - free space wave number 
B = wall admittance 

n = 1, particle velocity continuity, =2, particle displacement 
continuity 

V = gradient operator 


— = — + m * — 

Dt 9 1 o 9z 

z = axial length variable 

It is assumed that the mean flow is uniform across and along the duct. If 
the duct geometry possesses sufficient symmetry, the method of separation of 
variables can be applied to Equations (4. 1.2-1) and (4. 1.2-2) by assuming 
a solution of the form 

p (r , 6 , Z) = R(r) 0(6)Z(z) (4. 1.2-3) 


this leads to a set of ordinary differential equations and boundary condi- 
tions. 

In the case of the cylindrical duct (no centerbody) , the characteristic 
solution in the axial direction is of the form. 
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Z(z) = e 


I KZ 


( 4 . 1 . 2 - 4 ) 


the circumferential solution is of the form, 

0 ( 0 ) = e {m0 


( 4 . 1 . 2 - 5 ) 


and the solution in the radial direction involves Bessel functions, such that 


R(r) = J (ar) 
m 


( 4 . 1 . 2 - 6 ) 


where 

0 = circumferential variable 
m = spinning mode order 
J m = m t ^ order Bessel function, first kind 
r = radial variable 
ot = characteristic parameter 

Following the classical method of solution, it can be shown that application 
of the boundary conditions in the radial direction leads to a discrete set of 
characteristic functions, known as eigenfunctions, with associated eigen- 
values. The eigenfunctions form a complete set of functions {8) in the 
Fourier series sense, from which general solutions can be constructed by 
series expansions. 

This modal analysis approach forms the basis for the exact solution for 
the wave field in a uniform, segmented, axisymmetric duct, as described by 
Zorumski^l). To complete the solution, it is necessary to provide a descrip- 
tion of the noise source in terms of modal source characteristics at some 
plane (or planes) of the duct. The source enters as a non- homogeneity in the 
differential equation at the source planes. 

The solutions in different segments of the duct at the planes of inter- 
section between segments are coupled by means of equations of continuity of 
acoustic pressure and the axial component * of acoustic velocity across the 
interfaces. These relationships can be cast into the form of transfer matrix 
equations with the modal amplitudes of the solution at duct segment end 
planes as the unknown quantities. These transfer matrix equations are then 
stacked into a large system matrix equation, which can be solved for the 
modal amplitude vector by standard methods for systems of linear equations. 
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The solution is exact in the sense that the only approximation involved 
is that due to the convergence of the series expansions, in a Fourier 
scries sense. The errors can be reduced to any desired value by including 
n sufficient, number of modes in the series expansion. When the modal 
solution in each duct section is determined, the energy flux and thus the 
overall suppression can be calculated from the acoustic intensity expres- 
sion . 


The wave field solution in terms of component modes provides a number 
of advantages to purely numerical solutions such as finite differences or 
finite elements in that it allows a complete description of the propagation 
phenomena in terms of modal redistribution, reflection, and attenuation. 

The interpretations afforded by the modal description provide critical 
insights to propagation effects which influence the performance of liner 
designs. 


4.3 MATHEMATICAL MODEL OF TEST VEHICLE 


The mathematical model of the test vehicle is based on the ACTAMD 
analytical program input requirements for a cylindrical, multi-segmented 
inlet with mean flow. The primary input to the program consists of duct 
geometry, treatment definition, source modal characteristics, mean flow 
Mach number, and spinning mode order. The frequency information is 
included by nondimensionalizing all lengths in the program by the inverse 
of the wavenumber. 

Figure 1 shows schematics of the actual inlet geometry and the 
mathematical model input to ACTAMD. The inlet is modeled as semi-infinite 
length duct, such that acoustic reflections from the bellmouth inlet (duct 
termination) are ignored. The mean flow is assumed to be uniform across 
and along the duct. 

The source plane is taken to be the hardwall plane designated as Plane 
1 in Figure 1 adjacent to the entrance to the first treatment section. The 
mode weightings as determined by the in-duct modal measurements were 
entered at this plane for each spinning mode order, assuming all energy to 
occur in the forward propagating wave. The overall PWL suppression was 
calculated by comparing the net flux at Planes 1 and 8, under the assump- 
tion that very little energy was reflected at Plane 1. 

The treatment definition is based on the analytical impedance models 
presented in Section 5.1.4. It is assumed that the effects of boundary 
layers, both on the wave propagation and treatment impedance, can be 
neglected. 
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SECTION 5.0 


EXPERIMENT 


The experimental facility, test hardware, data acquisition and reduc- 
tion procedures, and the test program for both acoustic and aerodynamic data 
are defined in this section. 


5.1 EXPERIMENTAL FACILITY AND TEST APPARATUS 

5.1.1 Anechoic Chamber 

The NASA-LRC, Bldg 1218A, anechoic chamber shown in Figure 2 was used 
in this test program. The internal dimensions of the chamber are approxi- 
mately 7.6 x 7.6 x 7,0 m (25 x 25 x 23 ft) between wedge tips. All surfaces 
of the chamber are covered with fiberglass wedges impregnated with phenol- 
formaldehyde and enclosed with hardware cloth to increase rigidity. The 
wedges on the floor are overlaid with a metal grating to allow walking 
access to the test equipment. 

The test vehicle is installed in one corner of the room, as shown in 
Figure 2, with a small (15°) cant from the adjacent sidewall. The airflow 
that passes through the test vehicle enters the chamber through an intake 
stack in the roof, and is exhausted into a discharge plenum, a discharge 
valve, and an exhaust stack. Back pressure on the test vehicle is controlled 
by the discharge valve. 

The test vehicle is driven by an electric motor coupled to the shaft of 
the rotor stage; the drive is isolated from the room by the wall of the 
chamber. 


5.1.2 Test Vehicle 

The test vehicle was a single-stage transonic compressor 30.5 cm (12 
in.) in diameter, consisting of 19 rotor blades and 26 outlet guide vanes 
with a spacing of 1.02 true rotor pitch chord lengths. There were 5 center- 
body support struts 2.7 (strut) chord lengths upstream of the rotor. A 
cross section of the test vehicle as configured for this test is shown in 
Figure 3. 

On the operating line, the pressure ratio of the stage is 1.325 at 100% 
rpm, and the airflow as a function of percent rpm in the range from 70 to 
100% is given in Figure 4. Reference information on absolute rpm, tip 
speed, and blade passing frequency as a function of percent rpm is given in 
Table II. The stage was operated on this operating line during the test 
program. 
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Figure 3. NASA-Langley Research Center Anechoic Chamber Test 
Vehicle with Treated Inlet. 



Figure 4. Speed Flow Relationship for High Mach Number Inlet. 
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Table II. Compressor Stage Reference Information 


Rational 

Speed 

Percent of 

nf c 

Design rpm 

rpm 

100 

24,847 

97.5 

24,226 

94;; 

23,356 

91 

22,611 

’ 

89* 

22,114 

79 

19,629 

74 

18,387 

69 

17,;144 

44 

. 

10,864 


Tip Speed' 


396.5 (1301) 

387 (1268) 

373 (1223) 

361 (1184) 

353 (1158) 

313 (1028) 

293 (963) 

274 (898) 

173 (569) 


Design point for the High Mach Inlet 

** J 

See Section 5.iA. 


Absolute 
Mach No. 











5.1.3 Inlet Hardware 


Two inlets were tested: a cylindrical and a high-Mach-number inlet. 

Both were designed to accommodate three separate replaceable liner segments, 
either hardwall or acoustically treated to achieve a treated length- to- 
diameter ratio, L/D, of 1.0. The two designs shown in Figure 5 illustrate 
the manner in which this was done. 

Each inlet had a bellmouth lip: a standard- type, large lip was used 
with the cylindrical inlet; an "aero/acoustic" lip was used with the high 
Mach number inlet. The aero/acoustic lip was designed to provide inlet flow 
characteristics representative of a flight lip in terms of the pressure 
distribution aft of the peak wall -Mach- number location. The treatment 
sections for both inlets were one fan diameter in length and were located 
the same distance from the rotor. 

The high Mach number inlet was designed for a one-dimensional throat 
Mach number of 0.72 at 89% rpm stage speed. This average throat Mach 
number is about the highest practical level for CTOL aircraft engine inlets 
without variable geometry. Nevertheless, -the design is such, that ? the inlet 
will operate without flow separation up through an average throat Mach 
number of 0.83, permitting operation of the compressor stage up to 97% rpm. 
The average throat Mach number over the range of rpm from 70% to 97% is 
shown in Figure 6. This design was based on streamtube curvature (STC)(9) 
flow analysis and Stratf ord-Beaver boundary layer analysis programs 
which were employed to evaluate boundary layer growth and stability. The 
L/D of the inlet was 1.42 (to the simulated fan face) and the diffuser area 
ratio was 1.46. 

At the 89% rpm design point, the calculated flow Mach number at the 
wall along the length of the inlet is shown in Figure 7. This shows that at 
the throat, where the average Mach number is 0.72, the value at the wall is 
close to sonic, being about 0.97; aft of the throat, the flow is diffused 
such that in the region which includes acoustic treatment, the wall Mach 
number is a maximum of 0.68 and decreases to 0.42 at the downstream end. 

Note that the inside diameter of the high Mach inlet at the downstream end 
of the diffuser is identical with that of the cylindrical inlet. 

Inlet turbulence, being of concern with regard to its effect on noise 
generation, was measured as described in Section 5.2.2 with and without a 
screen over each of the inlets. The screen assembly was installed as shown 
in Figure 8. The screen, of 20 x 20 mesh and 51.8% porosity, was supported 
by thin rods (visible in the figure) built according to the dimensions shown 
in Figure 9. 


5.1.4 Acoustic Treatment Panels 

Six softwall acoustic treatment panels, designed for this test on the 
basis described in Section 4.1, consisted of the combination of three 
cavity depths and two faceplate porosities; the basic construction of the 
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Figure 5. Inlet Designs with Replaceable Panels. 
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Inlet Turbulence Screen Installed on Test Vehicle 




panels consisted of a solid metal backplate, an air cavity (maintained by a 
metal honeycomb of the specified thickness), and a perforated faceplate. 
Hardwall panels (solid metal faceplate) were used to establish the baseline, 
unsuppressed source levels. Two representative softwall and one hardwall 
panel are shown in Figure 10. 

The panels consisted of the following: 

Faceplate Porosity, Cavity Depth, 

Panel Designation % cm (in. ) 


A 

10 

0.64 

(0.25) 

B 

10 

1.27 

(0.50) 

C 

10 

2.54 

(1.00) 

D 

25 

0.64 

(0.25) 

E 

25 

1.27 

(0.50) 

F 

25 

2.54 

(1.00) 


For each panel the element length was 10.16 cm (4 in.); the faceplate was 
0.04 ± 0.01 cm (0.016 ± 0.004 in.) thick with hole diameter of 0.10 cm (0.04 
in.); the cell size of the honeycomb in the cavity was 0.64 to 0.96 cm (0.25 
to 0.38 in.). 

The 10 percent porosity was chosen to obtain a panel resistance between 
1.0 and 1.5 pc; the 25 percent porosity, to obtain between 0.4 and 0.6 pc. 
The resistance is estimated by the empirical formula given by Rice(10). 


R_ = 0.3M 

pc 0 


where: R = Resistance 

M = Uniform mean flow Mach number 
o = Faceplate porosity 
pc . = Characteristic impedance of air. 

The calculated reactance versus frequency for each of the six panels is given 
in Figure 11. The reactance was calculated by: 

X_ _ Mi+ii . cot u 
pc o 


where: X 

k 
t 

6 


Reactance 

Free-space wavenumber 
Faceplace thickness 

0.85 Kd an empirical end correction to establish the 
effective thickness of the faceplate 
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Figure 11. Liner Reactances 








where: d = Hole diameter 


K = Correction dependent on airflow Mach number, 
given in Figure 12. 

The effect of Mach number on the empirical end correction in the reactance 
model is from Phillips (13) , 


5.2 INSTRUMENTATION AND DATA ACQUISITIQN/REDUCTION 

5.2.1 Acoustic 

Instrumentation for acoustic information included both far-field and in- 
duct measurements for the determination of sound pressure levels. In addi- 
tion it included a "mode-probe” for in-duct measurement of the circumferen- 
tial profile of coherent acoustic pressure amplitude and phase (relative to a 
stationary reference) for the determination of the circumferential acoustic 
modes. 

Farfield noise measurements were made with nine B&K 4133 microphones of 
1.27 cm (1/2 in.) diameter. As shown in Figure 2, they were placed on a 
circular arc of 3.05 cm (10 ft.) radius centered on the axis of the inlet at 
the inlet plane, spaced at 10° increments from 0° through 80° relative to the 
inlet axis, and positioned at the same height as the compressor. 

In-duct microphones and traversable acoustic probes with Kulite trans- 
ducers were installed as shown in Figure 13. The wall-mounted sensors 
consisted of six B&K 4135 microphones of 0.64 cm (1/4 in.) diameter, flush 
mounted at the locations indicated by the dashed lines in Figure 13. The 
traversable acoustic probes were located upstream and downstream of the 
acoustic treatment as illustrated in Figure 13; an additional probe was used 
on the High Mach inlet at the upstream location to determine the SPL both at 
the inlet plane and at the throat plane of the inlet. 

A mode probe was developed, designed, and built for application to the 
test vehicle. The device consists of four probes separated by a 90° angle, 
which can be rotated circumferentially, and two stationary reference probes. 
The rotating probes were immersed 5.1 cm (2 inches) from the outer wall. 
Figure 14 is a photograph of the assembled mode-probe apparatus. The pres- 
sure sensing elements were Kulite transducers of 0.318 cm (0.125 in.) diam- 
eter mounted in the tips of the probes. Figure 15 is a closeup of an indi- 
vidual probe, indicating the location of the transducer. The signal from 
each transducer in the system was preamplified, using a low-noise high-gain 
amplifier, and recorded on tape for subsequent data reduction. 

The acoustic data for determination of SPL were recorded on analog 
tape, using a 14-channel Bell and Howell wideband (Group I) tape recorder, 
in the FM mode at 152.4 cm/sec (60 in. /sec) in order to obtain flat frequency 
response to 40 kHz. (An exception was the acoustic far-field data taken in 
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Figure 12. Dependence of End Correction Coefficient, K, on 
Mach Number, 
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conjunction with the hot film turbulence data which were recorded at half of . 
this tape speed.) At least one minute of data were recorded at each data 
point. 

The far-field data were analyzed with a GR 1921 1/3-octave band analyzer, 
and adjusted from the atmospheric-absorption attenuation present : under the 
ambient conditions of the test to standard day conditions, 15° C (59° F) 
temperature and 70% relative humidity, according to the method described in 
SAE 866(12.) . Sound power levels (PWL) were calculated assuming the sound 
wave propagates on a spherical wave front. Overall sound pressure levels 
were calculated by the summation of sound pressure levels at each 1/3- 
octave. 

The modal measurement data reduction consists of the calculation of 
cross-spectral densities between each of the traversing probes and the 
reference probe at each circumferential immersion. This was accomplished 
using a Time Data Fast Fourier Analyzer system to provide tabulated cross- 
spectra in 40 Hz bandwidths. A total of 250 averages were used for each 
sample. At particular frequencies, the magnitude and phase of the cross- 
spectral density were plotted as a function of circumferential angle to 
provide complex acoustic pressure profiles. These profiles were then expanded 
into component spinning modes using a numerical Fourier analysis procedure(13) # 


5.2.2 Aerodynamic 

The aerodynamic instrumentation consisted of static pressure taps, 
located along the length of the inlet duct, and a total pressure rake. For 
the turbulence intensity tests, a radially traversing hot film probe was 
installed between the centerbody support struts and the rotor, approximately 
10.16 cm (4 in.) upstream of the rotor leading edge. Aerodynamic performance 
parameters, calculated from static and total pressure data, included wall 
Mach numbers, recovery, and distortion factors. The following methods of 
determining the weight flow and inlet throat Mach numbers were used. 

Inlet weight flow for the high Mach number inlet was determined from 
the wall static pressure axial distribution. Inviscid inlet axial wall 
static pressure distributions were calculated for the hybrid inlet using a 
streamtube curvature (STC) flow analysis program(9) and compared with measured 
values at a number of different inlet weight flows. The predicted diffuser 
wall pressures were then adjusted by the effective boundary layer blockage 
to account for viscous effects: 

P S /P Wscid C> A/A * 


A/A* 


effective 


A/A* 


(r 


- <S*)2 
r 2 


A/A* . |\P S /P T - 

effective W 1 viscous 
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Only static pressures aft of the minimum pressure were adjusted since viscous 
effects are negligible forward of this station. Predicted static pressure 
ratios below 0.5283 (sonic) could not be adjusted in this fashion. 

At the plotted tap locations, the measured wall static pressure ratio 
was used to infer an inlet throat Mach number using analytical flow prediction 
techniques. Ideally, all static taps will indicate an identical throat Mach 
number for a given operating condition. This is unlikely to occur as a 
result of expected flaws in the model hardware or slight errors in the 
analysis. Thus, to obtain the final value, the throat Mach numbers indicated 
by all available static taps were averaged. 

Inlet flows calculated using this method were corrected to fan face 
condition as follows: 

w/e~ _ w/e~ / 1 \ 

<S 2 <$ o U“) 


a = correction factor compensating for losses through vehicle 
struts (a = 0.986 from previous test results) 


r\ = measured inlet recovery, ^T ra j ce /^ ) T c 


The predicted fan face flows were then compared to the vehicle flowspeed 
relationship as a check on the flow measurement procedure. 

Wall Mach numbers were calculated from the static pressure measurements 
for each of the configurations at each of the fan speeds. Figure 7 shows a 
typical comparison of predicted and measured wall Mach numbers at the inlet 
design throat Mach number, 0.72. These results were used to infer the one- 
dimensional, average throat Mach numbers. The throat Mach numbers versus 
percent corrected speed were shown in Figure 6. 

The recovery factors for the inlets were determined from the total 
pressures measured with the twenty element radial rake located in the instru- 
mentation spool. The recovery for the hybrid inlet was generally the same 
both with and without the inlet turbulence screen. The rake total pressure 
profiles from which the recovery factors were calculated are presented in 
Figure 16 for the accelerating and hybrid configurations at the two highest 
speeds. The data at 94% fan speed indicate consistently higher total pres- 
sures and therefore higher recovery for the high Mach number inlet when the 
hardwall panels are installed than with treatment liners. At 97.5% fan speed 
the profiles cross at approximately 1.2 cm (0.47 in.) from the wall such that 
the resulting average total pressure and likewise the calculated recovery 
were about the same. The pressure levels of the accelerating inlet were 
lower along the wall also suggesting local shocks near the wall for this 
speed. 
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The airflow - speed relationship shown previously in Figure 4 is based 
on the static pressure measurements and the calculated recovery factor. The 
corrected flow derived from the flow function for the one-dimensional, 
average throat Mach number was adjusted by these recovery factors as well as 
by the empirical strut loss factor (from previous tests) in order to determine 
the corrected flow at the fan face. The flows agree very well with the 
calibration curve which was determined by previous aerodynamic tests with a 
flow measuring bellmouth in conjunction with the compressor manufacturer’s 
calibration data. 

Measurements of flow turbulence were made inside the inlet of the test 
vehicle to assess the severity of the turbulence impacting the fan rotor. 

This was accomplished by radially traversing a two-dimensional "X" array hot 
film probe (TSI Model 1240-60) upstream of the fan rotor as shown in Figure 
17. A sketch of the probe tip and 0.64 cm probe support is included in 
Figure 18. The two probe elements provided turbulent velocity data in the 
axial and circumferential directions. The probe operates on a heat transfer 
principle such that as the mass flux (pv) varies at the measuring station, 
heat transfer to the fluid varies proportionally. This heat transfer change 
results in a voltage signal. Measurements were taken close to the rotor in 
order to obtain the turbulence characteristics injested by the rotor. The 
probe was positioned circumferentially such that it would be outside the 
wake of the centerbody support struts. 

A block diagram of the hot film probe data acquisition equipment is 
shown in Figure 19. Signals A and B from the two probe tip sensors were 
measured by the two TSI Model 1054A anemometer units, where the signals were 
amplified and linearized. These signals were then added and subtracted in 
the TSI Model 1063 sum and difference unit. The probe was oriented such 
that axial velocity was proportional to the mean value of the (A + B) 
signal, while the transverse (circumferential) velocity was proportional to 
the (A - B) signal. 

Requirements for frequency response to zero Hertz made it necessary to 
record the data DC-coupled. A technique was thus required to remove the 
steady DC voltage from the raw hot film A + B signal to preserve good 
signal-to-noise ratio on tape. This DC suppression was accomplished by a 
two step process. First the A + B signal was passed through a TSI Model 
1057 signal conditioner where an integer number of volts were subtracted 
from the signal. The remaining fractional DC voltage was then subtracted by 
a battery-potentiometer setup. Hence the signal recorded on tape was 
essentially AC information, which retained frequency response to zero 
Hertz. 


Since the steady DC voltage was removed before recording, but was 
required for mean velocity calculations, two digital volt meters were used 
to read the mean values of the raw A + B and A - B signals on-line. RMS 
values of these two signals were also read using TSI Model 1060 RMS volt 
meters. Model 122 NEFF linear DC amplifiers were used ahead of the tape 
recorder to boost signals to a level which would provide good signal-to- 
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Figure 19. Block Diagram of Hot Film Probe Instrumentation Setup 




noise ratio on tape. An oscilloscope was used to monitor the signals just 
ahead of recording on the FM Bell & Howell 14-track tape recorder. 

Five minutes of hot film probe data were recorded for each data point in 
order to provide sufficient record length for statistical repeatibility . In 
add i Hon to turbulence data, one minute of acoustic data from the nine far- 
field microphones was recorded at each data point. This far-field sound 
information was recorded with the hot film probe completely removed from the 
flow. 


The axial integral-length scale was determined by: 


L = 



R 

uu 


( t) d t 


R 

uu 


ToT 


and the turbulence intensity components were determined by: 


Axial Intensity = 



/R fo7 

/ UU 

U 


Traverse Intensity = 


/£ ,/V® 

u 0 


Where: Rxx( T ) is t ^ ie autocorrelation function 

T 

R xx = f f x(t)x(t+x)dt 
o 

T Q is the minimum time delay required for the autocorre 
lation function to reach zero. 


The operations indicated by these equations were done by means of a digital 
Time Data Fast Fourier analyzer for a 0 to 200 Hz turbulence spectral range. 
This range was adequate because the relative turbulent energy above 50 Hz was 
negligible; the resulting bandwidth resolution was 0.1 Hz. 


i 
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5.3 TEST PROGRAM 


5.3.1 Acoustic 


The acoustic test program consisted of a series of tests with cylindri- 
cal inlets and a series of high Mach number hybrid inlet tests. The treat- 
ment configurations and speed points run for these tests are summarized in 
Table III for the cylindrical inlets and Table IV for the high Mach inlets. 
In addition, measurements were taken with the spinning mode probe for three 
configurations, as summarized in Table V. 

The turbulence, and related acoustic measurement, aspect of the test 
program consisted of testing three inlet configurations, each with and with- 
out an inlet screen. The three inlets tested were the hardwall cylindrical, 
accelerating, and single-phase hybrid configurations. Three speed points 
(74%, 89%, and 94%) were run for each of the six configurations. 


5.3.2 Aerodynamic 

Aerodynamic performance measurements were taken for the accelerating 
hardwall and hybrid single phase configurations, as indicated in Table IV. 
Hot film probe measurements of mean flow turbulence intensity were taken 
during the turbulence test program for the six configurations mentioned 
previously, in conjunction with the acoustic data. 


5 . 4 ACOUSTIC DATA SCALING 


Although the primary interest in the acoustic data is for the actual 12 
inch diameter size, meaningful comparisons of interest to design engineers 
require that the data be also presented so as to be representative of a 
typical full size vehicle. In particular, comparisons involving the PNL unit 
are meaningful only when the data are scaled, and so where pertinent, this 
has been done for the data presented in Section 6. For this purpose, the 
full size vehicle assumed as being representative consisted of the key 
parameters listed in Table VI, with the actual test vehicle (m&del) param- 
eters shown for direct comparison. Sound levels, L, were scaled by: 


L FS = L H + 10 '09 < W FS /V 


and, frequencies, f, were scaled by: 


frc = X X 


FS 'M A D 


FS 


FS M 
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Table III. Cylindrical Inlet Acoustic Test Points 


Configuration 


Duct Liner Configurations 


Percent Stage Speed, % N F( 

1 


99 Other 


1. HARDWALL 
a. SINGLE PHASE 

3. PHASED 

(ABC) 

4. PHASED 

(CBA) 

5. PHASED 

(DEF) 

6. PHASED 

(FED) 

7. PHASED 

(BAC) 

8. PHASED 

(CAB) 

9. PHASED 

(ABF) 

10. PHASED 

(BAJ) 

11. PHASED 

(AAF) 

12. PHASED 

(AAH) 

13. PHASED 

(AAC) 

14. PHASED 

(EAC) 

15. PHASED 

(AEC) 

16. HARDWALL (REP.) 

17. PHASED 

(AAB) 

18. PHASED 

(ADA) 

18- HARDWALL (REP.) 

20* PHASED 

(CAE) 


54%, 84% 


X 

X I X 


X 

X I X 


X X 


91%, 97. 5 1 


See Section 5*1.4 for definition of panel construction 





























Table IV. High Mach Inlet Acoustic Test Points 


CONFIGURATION 

21. 

HARDWALL 

22. 

SINGLE PHASE 

23. 

PHASED (CAB) 

24. 

PHASED (CAE) 


DUCT LINER CONFIGURATIONS 

— 

Percent Stage Speed, % N 

F c 


FLOW 

SOUND 

74 

79 

89 

91 

94 

97.5 


H 

K H 

X 

X 

X 

X 

X 

X 


A 

A A 

fr"~ 1 1 

X 

X 

X 

X 

X 

X 


C 










U-r~] 

X 

X 

X 

X 

X 

X 


C 










L,rrmiLi.. M J 

X 

X 

X 

X 

X 

X 
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Table V. Mode Probe Acoustic Test Points (Cylindrical Inlet). 





Typical High 
Bypass Fan 

396.5 m/sec 
(1301 ft/sec) 

180.3 cm (71 inch) 

4,200 rpm 

426.0 kg/sec 
(940.5 lbm/sec) 
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where: D = Vehicle diameter 

B = Blade number in the rotor 

Subscripts: FS = Full scale 

M = Model 

All dimensional data and vehicle rpm T s are quoted only for the actual (model) 
test vehicle. 
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SECTION 6.0 


RESULT S AND DISCUSSION 


This section presents the results of the analytical and experimental 
work done toward meeting each of the three principal objectives. Because of 
its importance in the analytic prediction of suppression, the results of the 
measurement of the acoustic modes in the inlet are presented and discussed 
first. Next, the results of the tests of the cylindrical inlet are given, 
followed by the comparison of the predicted (by ACTAMD) versus measured 
suppression for those cases for which the analysis could be performed suc- 
cessfully. Then, the experimental results are presented and discussed for 
the high Mach inlets and for the turbulence study. 


6 . 1 ANA LYSIS OF SPINNING MODE P ROB E RESULTS 

6.1.1 Determination of Modal I n formation for Use in ACTAMD 

Spinning mode measurements were performed for two different inlet con- 
figurations, first in a duct with hardwall panels in place of treatment with 
the mode probe on the rotor side (downstream) of the treatment location, and 
second in a treated duct with the mode probe located on the inlet side (up- 
stream) of the treatment. The measurements were performed at three operating 
speeds, 44%, 79%, and 89%. The measurements were made at one radial posi- 
tion, using the circumferentially traversing mode probe apparatus described 
in Section 5.2.1. 

The experiment was exploratory in nature, aimed at providing information 
about the feasibility of the method under conditions of airflow Mach number 
and fan tip speeds typical of aircraft turbofans. A detailed description of 
the modal measurement experiment and results can be found in Reference 14. 

The spinning-mode probe data reduction consists of: (1) the calcula- 

tion of cross-spectra between probe and reference signals for a large number 
of angular positions, (2) the plotting and smoothing of the cross-spectrum 
magnitude and phase versus angle for a number of chosen frequencies, and 
(3) the Fourier analysis of the resulting complex functions of azimuth 
expanding them into component spinning modes. The cross-spectrum calcula- 
tion was accomplished on a Time/Data Fast Fourier Analyzer System. 

Results of the modal measurements for the hardwall configurations at 
44% speed blade passing frequency and second harmonic and for the 79% speed 
blade passing frequency are presented in Figures 20 to 25. These include 
the complex acoustic pressure profiles and their expansion into spinning 
modes. Tyler-Sofrin rotor-stator interaction theory (Reference 7) predicts 
the excitation of modes with circumferential mode orders given by 
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Relative Linear Amplitude , . . Relative Phase , degrees 


180 



30 25 20 15 10 5 0 -5 -10 -15 -20 -25 -30 

Spinning-Mode Order, m 


Figure 21. Measured Spinning-Mode Content for 44% Speed, 3440 Hz, 
Blade Passing Frequency. 
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Spinning Mode Order, m 


Figure 23. Measured Spinning Mode Content for 44% Speed, 6920 Hz 
Second Harmonic. 




L70 210 240 270 300 330 360 

Circumferential Angle, 0 

Figure 24. Complex Pressure Profile from 40 Hz Bandwidth Cross 

Spectrum, 79% Speed, 6120 Hz, Blade Passing Frequency, 

Hardwall Configuration. 




Spi nning-Mode Order, m 


Figure 25. Measured Spinning-Mode Content for 79% Speed, 6120 Hz 
Blade Passing Frequency. 





m = nB ± kV 

where 


m = spinning-mode order 

n = harmonic number 

B = number of blades 

k =• arbitrary positive or negative integer 

V = number of vanes 

In addition to the spinning modes which are predicted, account must be taken 
of those modes which are cut-on and cut-off, that is, which propagate 
unattenuated or decay exponentially in a hardwalled duct. At the blade 
passing frequency first harmonic (n = 1) , the following spinning-mode 
orders (less than 30) would be predicted: 

a) Rotor/OGV Interaction 

V = 26, m = -7 

b) Upstream-Strut-Rotor Interaction 

V = 5, m = 29, 24, 14, 9, 4, -1, -6, -11, -16, -21, -26 

At the second harmonic of blade passing frequency (n = 2) , the following 
orders would be predicted: 

a) V = 26, m =12,-14 

b) V = 5, m = 28, 23, 18, 13, 8, 3, -2, -7, -12, -17, -22, -27 

The possibility that the acoustic wave may be scattered by the upstream 
struts into other modes is not taken into account by the Tyler-Sofrin ana- 
lysis. 

In the modal expansion of the blade passing frequency at 44% speed 
(Figure 21), it is seen that the +8, +4, and -7 order spinning modes pre- 
dominate. The -1, ±3, and -6 modes are also in evidence. The m = -7, -6, 
-1, and +4 modes are predicted by interaction theory, but the +8 and ±3 
modes are not. Thus, all the lower order modes predicted to be present up 
through the eighth order are present. The m = +9 mode is predicted, but 
this mode should be cut-off. 

The modal amplitudes measured for the second harmonic at 44% speed, 
(Figure 23) are dominated by the -7 and +8 order spinning modes; these are 
predicted. Other predicted modes which are present at relatively low 
levels are the +3, -14, -17, and +18 order modes (cut-off occurs between m 
= 17 and m = 18). Unpredicted modes which make significant contributions 
are the m = ±6, and ±11 order modes. 
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The modal expansion for blade passing frequency at 79% speed (Figure 
87) shows the signal is clearly dominated by the unexpected m = -12 spinning 
mode. The ±7 modes are strongly in evidence, but only the -7 is expected, 
indicating possible scattering by the struts. Similar behavior occurs for 
the ± 6 , ±9, and ±11 order modes. The m = -1 and +16 order modes are pre- 
dicted, and contribute at somewhat subdued levels. Orders above the six- 
teenth are cut-off. 

In general, the above comparison shows some evidence of modes present 
which are not predicted by interaction theory, and also evidence of scattering 
by the struts. The measurement indicates that modes whicli are cut-off have 
decayed sufficiently to contribute very little to the pattern. f 

6.1.2 Repeatability / ^ * 

The mode-probe tests on the hardwail configuration were accomplished 
with one of the four rotating-probe elements inoperable. This required the 
probe to be .rotated through an angle of 180° to obtain data over the full 
360° arc. Two of the 90° segments were covered twice by different probes, 
as shown in Figure 26. The redundant data from the regions covered by two 
different probes were reduced and compared to the original data for a 
number of cases. 

Figure 27 shows a particular case of the comparison between data mea- 
sured by two different probes over the same arc, in the 44% speed blade 
passing frequency case. It is noted that both the magnitude and phaSe 
curves agree in general pattern, although differences as high as 10 dfe in'" 
magnitude and up to 180 degrees in phase occur for certain angles. Similar 
results are obtained at 79% BPF and 44% second harmonic. 

Examination of the modal measurement data acquired at 89% speed in the 
hardwail duct indicated a lack of data repeatability (see Reference 14). In 
this case, the rotor tip speed is supersonic, and it is suspected that the 
frequency modulation between BPF and the MPT's cause the generation mechar 
nism to be non-s tat ionary , as far as the modal measurement method is con- 
cerned. Low signal-to-noise-ratio tape recorder problems were encountered 
for the modal measurements taken in the treated configurations , so that this 
data was not analyzed in detail. r 

There is also a question of whether the mode-probe rakes might have 
affected the data. This question was investigated by Posey(15)j using the 
mode probe apparatus in the configuration shown in Figure 28, a signal 
enhancement procedure was applied to the signal from a wall-mounted micro- 
phone as the mode probe was traversed circumferentially in discrete steps 
over an arc of 270°; the variation in signal magnitude (up to 10 dB) and 
phase (up to 80 degrees) at the wall-mounted microphone as the mode probed 
changes position indicates, as shown in Figure 29, that there could have 
been an effect by the probe rakes oh the acoustic field. 
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Log Magnitude , dB Phase, degrees 
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Circumferential Angle, 9 

Figure 27. Complex Pressure Profile from 40 Hz Bandwidth Cross 

Spectrum, 44% Speed, 3440 Hz, Blade Passing Frequency, 
Hardwall Configuration, Comparing Repeatability of 
Data Acquired with Two Different Probes Over Same Arc. 









O- Wall Mic § 3, Probe Microphone E in 1st Quadrant 
O- Wall Mic #3, Probe Microphone E in 2nd Quadrant 
A - Wall Mic #3, Probe Microphone E in 3rd Quadrant 
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Figure 29. Variation of Wall Microphone #3 BPF Cross-Spectrum 

as a Function of Spinning Mode Probe Azimuthal Position. 
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A more extensive series of tests is required before definite conclusions 
can be drawn about the repeatability of’ the in-duct, immersed probe method 
of modal measurement* Attention should be payed not only to the repeatability 
of the complex pressure profile (cross-spectra) itself, but also to the 
variation in expanded spinning mode content, and how this variation affects 
predicted suppression results. 


6 . 2 CYLINDRICAL INLET 


Comparisons of the suppressions obtained with the treatment configura- 
tions defined in Table III are presented in Figures 30 to 32; the phased- 
treatment inlet suppressions (relative to the hardwall baseline) are sum- 
marized on the basis of: (1) blade passing frequency PWL, (2) OASPL at 50°, 

and (3) OAPWL. None of the phased-treatment combinations excels at all 
speeds, but three consistently produced less suppression than the other 
combinations: these were No. 3 (DEF), No. 6 (FED) (the configurations with 

low resistance liners) and No. 12 (AAH) , the only configuration with only 
two softwall liners. Most of the remaining phased-treatment combinations 
produced equally good suppression and, on the basis of OASPL and OAPWL, 
produced more suppression than the single-phase configuration No. 2 (AAA). 

As would be expected, the single-phase liner (designed for the 1/3 octave 
band containing blade passing frequency over the vehicle speed range from 
74% to 89%) provided more suppression of the blade passing tone. The 
phased combinations, with the exception of No. 17 and No. 18, had only one 
of the three panels tuned to the BPF. As defined by any of these three 
measures, panel order had no significant effect upon the suppression. 


6.2.1 Basic Experimental Data 

Six of the phased-treatment combinations generally performed equally 
well; these were: No. 4(CBA), No. 8 (CAB), No. 9 (ABF), No. 10 (BAF) , No. 

11 (AAF ) , and No. 13 (AAC) . Of these, No. 8 was selected as a representa- 
tive phased liner combination for the comparisons discussed in the following 
paragraphs. 

The 1/3 octave sound-power-level spectra for the hardwall, the single 
phase, and a representative phased (No. 8) configurations at the 74% fan 
speed are presented in Figure 33. The suppression attained with the single- 
phase liner at this speed for the four 1/3 octave bands immediately below 
the BPF band was between 8 and 9 dB, and 9.5 dB at BPF. The maximum sup- 
pression measured for the phased liner, on the other hand, was 15 dB, 
occurring six 1/3 octave bands below BPF, while about 7 dB reduction of the 
BPF power level was attained. The large reduction of low frequency noise 
with phased treatment occurred at all angles. Slightly more suppression was 
achieved with the single-phase treatment at BPF than with the phased treat- 
ment, but the loss was modest considering that the single-phase design was 
tuned solely to BPF, while the multi-phase design had only one of three 
liners tuned to BPF. 
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PWL Suppression, RE: Hardwall Baseline 

SPEED: 74% ~ 


SPEED: 89% 



SP 4 6 8 10 12 14 16 18 20 SP 4 6 8 10 12 14 16 18 20 


CONFIGURATION NO. CONFIGURATION NO. 


Figure 30. Summary of Phased-Treatment Blade Passing Frequency 
PWL Suppression at Four Fan Speeds. 
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OASPL SUPPRESSION AT 61.0 M (200 FT) SIDELINE 


OASPL Suppression, RE: Hardwall Baseline 
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Figure 31. Summary of Phased-Treatment 50° OASPL Suppression at 
Four Fan Speeds. 
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SPEED: 94% 
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Figure 32. Summary of Phased-Treatment OAPWL Suppression at Four 
Fan Speeds. 
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Figure 33. Representative Phased-Treatment Sound Power Level at 
74% Np c . 



The Perceived Noise Levels were largely controlled by the second 
harmonic and adjacent bands. Particularly significant for the single-phase 
treatment was the band immediately above the second harmonic, in which the 
power level was about 5 dB above the levels of the other two configurations. 
The increased OASPL* s (Figure 34) and PNL's (Figure 35) for the single 
phase, from 60° to 80°, were due to the high noise levels in this one band. 

At all of the more-forward angles the OASPL and PNL for the two treated 
configurations were nearly the same. The maximum levels for both the 
hardwall and the phased (No. 8) configurations occurred at 50°. Reductions 
of 5.2 dB OASPL and about 4 PNdB relative to the hardwall were measured at 
this angle. 

A comparison of the hardwall and the single-phase narrowband (50 Hz 
bandwidth) spectra at 50° is presented in Figure 36. At frequencies up to 
and including the second harmonic, the uniform treatment has produced sub- 
stantial suppression. However, between the second and third harmonics, the 
broadband level of the single-phase configuration has increased above that 
of the hardwall, and an unidentified tone is present. Although the cause is 
unknown, several important characteristics of the increased noise were 
determined from additional narrowband results. First, the frequency of the 
tone increased as the fan speed increased; in fact, the frequency of the 
tone between 44% and 79% fan speed appeared to increase linearly with the 
velocity of the flow over the treatment. Second, the phenomena were observed 
whenever two "A" panels were installed in adjacent positions. An additional 
observation was that, at the high frequencies in question, the 1/3-octave 
levels were based primarily on the level of the broadband noise, not the 
tone. The noise increase thus appears to be due to some unique geometric 
properties of the "A" inlet liners. 

The sound power spectra at 89% fan speed are presented in Figure 37. 
Multiple-pure-tones (buzzsaw noise) dominate the spectra at this speed. 

Large power level reductions were achieved through the MPT-dominated fre- 
quencies with both treatment configurations. Phased treatment produced more 
low-frequency suppression, relative to the single-phase, at this speed 
similar to the behavior observed at lower speeds. A maximum 1/3 octave 
reduction of 15.5 dB was attained with uniform treatment in the 800* Hz 
band while a maximum of 18 dB was achieved in the 630* Hz band with the 
typical phased treatment. The BPF was reduced by just over 8 dB with 
phased treatment, about 2 dB less than with uniform treatment. The lower 
OASPL (Figure 38) and PNL (Figure 39) values for the phased treatment are 
due to the differences observed in the 4000* Hz and 5000* Hz bands. At 50° 
8.5 dB OASPL and 6 PNdB reduction were achieved with the phased treatment. 

In summary, the effects of the phased treatment relative to uniform 
treatment, as tested in this program, were: (1) the phased treatment pro- 

vided substantially more suppression, 10 dB PWL or more, in the low fre- 
quency range (peaking in the vicinity of D/A of 1.1 to 1.4); and, (2) > 


*Ful 1-scale frequency. 
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Comparison of Single-Phase and Hardwall 50° Far-Field 
Narrowband at 74% NFc* 
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Figure 37. Representative Phased-Treatment Sound Power Level at 
89% Nfc- 
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Figure 38. Representative Phased-Treatment OASPL Directivity 
at 89% Np c . 
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Figure 39. Representative Phased-Treatment PNL Directivity 
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although two of the three liners tuned to the blade passing frequency were 
replaced with liners tuned to lower frequencies, the loss of suppression in 
the BPF 1/3 octave band was generally less than 20% (i.e., a loss generally 
less than 2 dB out of 10) . 

The effect upon 1/3 octave sound power spectra as a result of changing 
the liner faceplate porosity from 10% to 25% in all three panels is shown in 
Figure 40 for 74% rpm and in Figure 41 for 89% rpm; these data are for 
configurations No. 3 (ABC) of 10% porosity and No. 5 (DEF) of 25% porosity, 
both of which are ramped in thickness with the thickest piece adjacent to 
the rotor. The figures show that at both speeds, greater suppression was 
obtained with the lower porosity; this advantage extended over almost the 
entire frequency range of interest- Similar results were obtained when the 
sequence of the panel thicknesses was reversed as in Configuration 4 (CBA) 
and 8 (FED). With regard to the 1/3 octave band containing BPF, Table VII 
summarized the results for these configurations at 74, 79, 89, and 94% rpm. 
The table shows that the benefit from the lower porosity case occurs con- 
sistently at all speeds and regardless of whether the panel cavity depth was 
ramped with the thicker end toward the rotor, or vice-versa. 

When only one of the three panels was changed from 10 to 25% porosity, 
the change in suppression was smaller (as might be expected) , and it was now 
inconsistent; sometimes more suppression was obtained and sometimes less, 
even though the changes were small: this is shown quantitatively in Table 

VIII. The gain occurred only when the change was made in the thickest panel 
and when this panel was closest to the rotor. 


6.2.2 Comparison of Results With Predictions 

The computer program, ACTAMD, was used to predict suppression using the 
in-duct modal measurements as defined in Section 6.1.2 to specify the source 
characteristics. Since the modal measurement was made at only one radius, 
it was necessary to make an assumption with regard to the content at the 
source plane, namely that only the least attenuated radial mode was present. 
The source plane was taken to be in the hardwall section directly downstream 
of the treatment. Additional assumptions were that the spinning mode con- 
tent was unaffected by the presence of duct treatment and that the effects 
of reflected waves were negligible. The first-radial-mode-only assumption 
simplified the application of the modal measurement , since the measured 
value could be applied directly to one mode, rather than distributing the 
energy in some fashion among several modes. In the next section, the re- 
sults of a sensitivity study provides some insight into the effects of 
participation of higher order radial modes. The predictions for the treated 
duct confirmed the assumptions that the amplitude of backward traveling 
waves at the source plane were small. 

In addition to the modal inputs to the program, it is necessary to 
provide the acoustic impedance of the treatment at the wall; the data pre- 
sented in Section 5.1.4 was used. The results are calculated at discrete 
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Configurations, 89% of Design Speed. 
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Table VIII. Effect of Changing Porosity in One Panel Only: One-Third 

Octave PWL Suppression at BPF, dB. 


Porosity 
for Panel 
X/Y/Z 
(%) 

Configuration 
No. (Panel) 

Percent of Design Speed, 

%n f 

F c 

74 

79 

89 

94 

10/10/10 

7 (BAC) 

n 

8.1 

7.8 

8.8 

- 25/10/10 

14 (EAC) 


5.9 

7.1 

7.4 


Difference 

EI3 

2.2 

0.7 

1.4 

10/10/10 

3 (ABC) 

7.3 

m 

7.6 

8.4 

10/25/10 

15 (AEC) 

6.6 

■i 

6.0 

6.7 

- 

Difference 

0.7 

2.0 

1.6 

1.7 

10/10/10 

8 (CAB) 

8.0 

7.9 

8.1 

9.1 

10/10/25 

20 (CAE) 

7.2 

6.0 

6.8 

8.0 


Difference 

0.8 

1.9 

1.3 

1.1 

10/10/10 

13 (AAC) 

9.2 

8.2 

8.8 

8.8 

10/10/25 

11 (AAF) 

8.3 

8.8 

9.9 

8.6 


Difference 

— 

0.9 

-0.6 

-1.1 

0.2 

10/10/10 

7 (BAC) 

m 

— 

F 

7.8 

8.8 

10/10/25 

10 (BAF) 

muBm 

MEEH 

8.7 

8.8 


Difference 

-0.4 

-0.6 

-0.9 

0 

10/10/10 

3 (ABC) 

7.3 

7.4 

mm 

8.4 

10/10/25 

9 (ABF) 

8.1 

8.5 

mxM 

8.6 


Difference 

-0.8 

-1.1 

-0.3 

-0.2 
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frequencies, using the continuity of particle displacement boundary condi- 
tion assumption. 

The analysis was exercised for all treatment configurations which were 
tested, but numerical problems were encountered. Table IX summarizes those 
configurations which were calculated successfully and those which were un- 
successful (at least for one spinning-mode order). Note that all those 
treatment configurations having low resistance faceplates were unsuccessful. 

The unsuccessful cases were traced to a problem with the occurrence of 
"double eigenvalues" (two eigenvalues with exactly the same value) as 
determined by the eigenvalue-rsearch algorithm of the program. These double- 
eigenvalues occur when the program, starting from two different hardwall 
roots as initial estimates, follows integration convergence paths which lead 
to the same final value. The nature of this problem is more easily under- 
stood from examination of the complex mapping between the eigenvalue and 
wall admittance (Reference 16). The occurrence of a double-eigenvalue 
results in a division by zero at a future point in the calculation, which 
aborts the run. 

The discrete frequency predictions for all treatment configurations 
which could be calculated successfully have been evaluated relative to 
measured far-field 1/3-octave data for three cases: 44% speed BPF, 44% 

speed second harmonic, and 79% speed BPF. Data for the 44% speed BPF are 
presented in Figure 42; the second harmonic data at 44% speed are presented 
in Figure 43; and, the BPF data at 79% speed are shown in Figure 44. The 
measured data show ±1 dB variation, based on an estimate of the approximate 
variation of the noise for the hardwall configurations. 

At 44% speed blade passing frequency (Figure 42) the agreement for 
treatment Configurations ABC, CA'*1, and AAC is within the measurement accur- 
acy. Configurations AAA and AAH are overpredicted by about 50%. 

For both the 44% second harmonic (Figure 43) and the 79% blade passing 
frequency (Figure 44) cases, there is a general trend toward underprediction 
of the measured results. Based on the sensitivity study which follows, the 
most plausible explanation for this underprediction is the neglect of 
higher-order radial modes in the source definition. In both cases, there is 
some indication that the analytical program correlates with the suppression 
trend of the treatment configurations, although the differences among the 
measured values for these cases is not great. Unfortunately, the low 
resistance liner configurations, which did show significant differences in 
measured suppression values, could not be calculated due to numerical 
difficulties. 

The data indicate that the simplifying assumptions in the analysis must 
be removed. In particular, the sensitivity study in the following section 
indicates that more complete radial mode information is required to achieve 
significant improvements. Also, it is possible that the effects of boundary 
layers must be incorporated to achieve satisfactory results. 
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Table IX. Occurence of Double Eigenvalues in 

Suppression Prediction Calculations. 


Con f igur a t ion 

Treatment Panel 
Designation 

44% 

BPF 

44% 

2nd Harm. 

79% 

BPF 

2 

AAA 




3 

ABC 




4 

CBA 




5 

DEF 

DEV 

DEV 

DEV 

6 

FED 

DEV 

DEV 

DEV 

7 

BAC 




8 

CAB 

DEV 



9 

ABF 

DEV 

DEV 

DEV 

10 

BAF 

DEV 

DEV 

DEV 

11 

AAF 

DEV 

DEV 

DEV 

12 

AAH 




13 

AAC 




14 

EAC 

DEV 

DEV 

DEV 

15 

AEC 

DEV 

DEV 

DEV 

1.7 

AAB 

DEV 
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6.2.3 Sensitivity Studies 


The analytical program was used to study the sensitivity of the pre- 
dicted suppression to the resistance of the liners and to the effects of 
radial-mode content . 

Figures 45 and 46 are plots of the variation of suppression with liner 
resistance for the single-phase configuration (AAA) at 44% speed for the 
blade passing frequency and second harmonic, respectively. The suppression 
curve for the second harmonic passes through the measured value of suppres- 
sion at a resistance of about 1.24 pc. (It should be noted that a pre- 
liminary modal measurement result was used for this calculation, such that 
the mode weighting differ somewhat from the final values used for the cor- 
relation of measurement and theory, but the suppression trends should be 
unaffected by the spinning mode weighting variation.) 

The data in both Figures 45 and 46 indicate that the suppression could 
be increased by using higher resistance. (The relative "flatness" of the 
curve at 3440 Hz (Figure 45) compared to 6920 Hz (Figure 46) is a result of 
the fact that the reactance at 3440 Hz is further from the optimum value 
than it is at 6920 Hz). 

The suppression for the BPF at 79% speed case was calculated using a 
number of different radial-mode content assumptions, in order to determine 
the sensitivity of the suppression to radial-mode content. The calculations 
were made using a nominal impedance value of Z/pc =1.2-0.71 for the 
single phase (AAA) treatment configuration. 

The first assumption is that only the lowest order radial mode for each 
spinning-mode order is present at the input plane to the treatment (softwall 
source-plane assumption). The spinning modes are weighted by the prelimi- 
nary modal measurement results. The second assumption is that the lowest 
order radial mode only is present in a hardwall source plane adjacent to the 
first treatment section. This hardwall mode redistributes into three radial 
modes at the input plane of the treated section. Generally, large energy 
flux mismatches occurred at the source plane. The third assumption was the 
same as the second except that the hardwall mode was redistributed into five 
softwall radial modes for each spinning mode. This decreased the energy 
mismatch by providing better convergence. The fourth assumption was to give 
the first six radial modes for each spinning mode an equal weighting of 1.0 
+ O.Oi. The spinning modes were not weighted by modal measurement in this 
case. 


The results of the calculations, including suppressions for each 
spinning mode order, are presented in Table X. The hardwall source case 
with improved convergence provides an exact match to the measured suppres- 
sion value. However, the sensitivity to radial mode content, as well as the 
sensitivity to relative phasing between the modes, suggests that this 
agreement is somewhat fortuitous, and, in general, without experimental 
information as to radial mode content, the agreement could be expected to be 
no better than roughly ±3 dB. 
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Figure 46. Predicted Suppression of Configuration AAA, 44% Speed* - 
6920 Hz, as a Function of Liner Resistance. 
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Table X. Effect of Radial-Mode Content. 


• Single-Phase Treatment n ■ 5.4 L/H * 1.0 



Number of 



APWL, dB 


• 

1 

2 

3 

4 

Cut-on Radial 

m 

Modes 





i 

5 

- 0.7 

- 6.7 

- 3.3 

? 

1 . 4 

. 4 

- 3.3 

- 9.0 

- 5.8 

-10.2 

5 

4 

- 4.6 

-10.1 

- 7.2 

-12.6 

6 

3 

- 6.4 

-10.9 

- 8.4 

-15.6 

7 

3 

- 8.7 

-13.1 

-10.0 

-17.3 

9 

2 

-16.4 

-18.9 

-18.1 

-25.3 

11 

2 

-35.9 

-35.1 

-34.7 

-44.1 

12 

1 

-65.8 

-66.4 

-66.3 

-74.1 

Overall 


- 7.2 dB 

-11.7 

dB - 9.2 dB 

-15 dB 


Radial-Mode Assumptions: 

1 Only lowest order radial mode for each spinning-mode order 
present at input to treated section. Spinning modes weighted 
by modal measurement. 

2 Lowest order radial mode for each spinning-mode order in hard- 
wall section, weighted by modal measurement. Redistributes 
into three radial modes at input to softwall. Large energy 
mismatch at source plane. 

3 Same as 2 but redistributes into five radial modes, 
improving source-plane mismatch. 


4 


First six radial modes given equal weighting of 1.0. 
Spinning modes not weighted by modal measurement. 



The overall suppression calculated in each case for comparison with mea- 
surement is based on contributions from a fairly large number of spinning 
modes, each with some assumed but unknown radial mode content. The number 
of cut-on radial modes at a given frequency for each spinning mode decreases 
as spinning mode order increases. Table XI lists the number of cut-on 
radial modes for the dominant spinning mode orders for the 44% speed, second 
harmonic and the 79% speed, blade passing frequency cases. The difficulty 
arises in trying to infer the particular weighting and relative phase of the 
radial modes from the measurement at a single radius, two inches from the 
wall in the twelve inch diameter duct. Since the amount each mode partici- 
pates at the measurement radius will be weighted by the amplitude of its 
mode shape at that radius, it is of interest to examine plots of the mode 
shapes for various spinning mode orders. 

Figure 47 shows the shapes of the first five radia^ modes for m=l, the 
shapes of the first three modes for m=7, and the shapes of the first two 
modes for m=12. Very little can be inferred from the m=l radial mode shapes, 
other than the fact that any participation by the fifth order mode would not 
show up at the measurement radius, since it is near a null at that point. 

For m=7 and m=12, however, it is interesting to note that the amplitude of 
the first mode at the measurement radius is very much less than the second, 
so that the measured participation at that point was probably due to the 
participation of the second order mode. The participation of the first 
order mode, which is very likely to be present, is, therefore, difficult to 
infer from the measurement at this one immersion, requiring at least a 
second measurement nearer to the wall. In any case, examination of the mode 
shapes for spinning mode orders greater than about six indicates that the 
modal measurements obtained at the two inch immersion were most likely to be 
dominated by the second order radial modes, and gave little information 
about the participation of the lowest order radial modes. 

If nothing else, the above arguments, coupled with the underprediction 
of suppression for the two higher frequency cases, imply that it might have 
been more realistic to include higher order radial modes in the source 
characteristics for those spinning modes above spinning mode order 4 (roughly) 
which have at least two radial modes cut on. To check this hypothesis, a 
series of calculations were performed for the 44% speed second harmonic and 
79% speed blade passing frequency cases under the following set of assump- 
tions: 

1) The ratio of the modal amplitudes for the first and second radial 
modes was determined such that equal energy was contained in each 
mode. 

2) The sum of the amplitudes of the first two radial modes was set 
equal to the measured modal amplitude for each spinning mode of 
concern, assuming zero relative phase. 

These assumptions were applied to the m = 6, 7, 8, 11, and 12 modes in the 
44% speed case, and the m = 6, 7, 9, and 11 modes in the 79% speed case. 

The results of the calculation are presented in Figures 48 and 49. 
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Table XI. Number o£ Cut-On Radial Modes for 

Dominant Spinning Mode Orders. 


44% Speed 
Second Harmonic 
f = 6920 Hz, Mach 0.2 

79% Speed 

Blade-Passing Frequency 
f - 6120 Hz, Mach 0.35 

Spinning Mode 
Order 

Number of Cut-On 
Radial Modes 

Spinning Mode Number of Cut-On 

Order Radial Modes 

1 

6 

1 

6 

. , 

4 

4 

2 

6 

6 

3 

6 

4 , 

7 

3 

7 

3 

9 

2 

8 

3 

11 

2 

11 

2 

12 

1 

12 

2 

15 

1 

13 

1 
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In the 44% speed case, the modified source assumption increased the 
predicted suppression in all cases except treatment Configurations AAA, CBA, 
and AAB. Detailed examination of the computer runs indicates that the 
increases in suppression can be attributed primarily to a redistribution 
into higher order radial modes for the various spinning mode orders at the 
interface between the hardwall source plane and the entrance plane at the 
first liner segment. For the three configurations which were not improved 
by the new modal assumption, it was found that, in general, the different 
source profile did not cause a redistribution into higher order modes into 
the liner than the lowest order mode only cases. One anomaly is that the 
modified source assumption causes the AAH Configuration to predict higher 
than the AAA Configuration. The cause of this effect is the relative phase 
shift that occurs between the first two radial modes in the source along the 
hardwall segment between the hardwall source plane and the entrance to the 
first treatment segment. The source profile changes (with no attenuation) 
along this length in such a manner that a very advantageous redistribution 
into higher order modes occurs when the wave reaches the treatment. This 
indicates the importance, not only of the relative weighting among radial 
modes at the source, but also the relative phasing among the modes. 

Results at 79% speed are similar, where again all configurations show 
increased suppression predictions except AAA, CBA, and AAB. Figure 50 shows 
a comparison of the (redistributed) modal content for the m=6 spinning mode 
for Configurations AAA and AAH for the equal energy and least attenuated 
mode source assumptions at the entrance to the first treated section. The 
higher order radial mode content can be correlated directly .with the sup- 
pression trends for these configurations. Similar results are found for the 
m=7 and m=9 spinning modes. 


6.3 HIGH MACH INLET 


Acoustic data for the four High Mach inlets defined in Table IV, 
together with the hardwall cylindrical inlet as a baseline reference, are 
presented and discussed in this section. The data include 1/3 octave band 
PWL spectra for the test vehicle as-tested ("scale model 1 ') and as scaled to 
a representative "full scale" size (see Section 5.4); also, it includes the 
61 m (200 ft) sideline PNL versus farfield angle for the full scale vehicle 
size. In addition, acoustic data from probe measurements of the accelerat- 
ing inlet and the single-phase hybrid inlet are presented to assess the 
relative roles of flow Mach number and acoustic treatment on the suppression 
achieved by each mechanism. Aerodynamic performance data for the high Mach 
inlets are also summarized. 
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Figure 50. Modal Participation at Entrance to Treated Section 
(Plane 2), Sixth Order Spinning Mode, 79% Speed, 
Blade Passing Frequency. 
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6.3.1 Acoustic Data 

One-Third Octave Band PWL Spectra 

The effect of vehicle rpm upon the PWL spectra are shown in Figures 51, 
52, and 53 for 79, 89, and 94% of design speed, respectively. The data for 
the accelerating and cylindrical hardwall inlets are essentially the same at 
the lowest (79%) speed point where the throat Mach number of the accelera- 
ting inlet was only 0.60 (versus 0.36 for the cylindrical inlet). At the 
design point of 89% rpm, the throat Mach number, which has increased to 0.72 
(versus 0.40 for the cylindrical inlet), is sufficient to provide 3 to 5 dB 
reduction in radiated noise over the entire spectrum. At the 94% speed 
point, the throat Mach number of 0.79 (versus 0.42 for the cylindrical 
inlet) is, adequate to provide between 10 and 15 dB reduction over most of 
the spectrum. 

The addition of the treatment, whether single-phase or multi-phase, 
provided additional suppression at all these speed points. Again, as with 
the treated cylindrical inlet (see Section 6.2.1), the characteristic 
suppressions are such that the multi-phase treatment provides more suppres- 
sion in the lower end of the frequency range than the single-phase, with 
only small loss in suppression at BPF - even though only one of the three 
liners (rather than all three) was tuned for BPF. 


6 1 m (200 ft) Sideline PNL versus Farfield Angle 

The 61 m (200 ft) sideline perceived noise levels for these inlets, 
after scaling to 180 cm (71 in.) size, are presented in Figures 54, 55, and 
56 for the same three speed points. Note that the PNL values for the inlets 
with treatment are, at each speed point, all essentially the same; this is 
the consequence of the fact that the "full scale" 1/3 octave spectra after 
being Noy weighted(19) # are dominated by the frequency bands above BPF. The 
differences in PNL values for the hardwall inlets, cylindrical versus accel- 
erating, dramatically indicate the benefit of the suppression achieved by 
high subsonic-flow Mach number, per se: very little difference occurs at 
79% speed; about 6 PNdB advantage occurs at 89%, and this increases to more 
than 14 PNdB at 94% speed. In this speed range, between 3 to 5 PNdB more 
suppression occurs with the addition of treatment. On a PNL basis, no 
benefit is seen as a result of the multiphase treatment relative to the 
single phase; this is a consequence of the fact that the lower frequency 
range, where the multiphase treatment showed improved suppression (as 
indicated in Figures 51 through 53), is de-emphasized by the Noy weighting 
involved in the PNL calculation. 

The data in Figure 57 show the variation of maximum 61 m (200 ft) 
sideline PNL as a function of vehicle operating speed from 74% through 
97.5%. Again, data for five inlets are presented, but this time a treated 
cylindrical inlet (multiphase treatment configuration CAE) has been substi- 
tuted for a hybrid (configuration CAB), since the data in the prior three 
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Figure 51. One-Third Octave Band PWL Spectra for Five Inlet 
Configurations, 79% of Design Speed, = 0.60. 
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Figure 52. One-Third Octave Band PWL Spectra for Five Inlet 
Configurations, 89% of Design Speed, = 0.72. 
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Figure 53. One-Third Octave Band PWL Spectra for Five Inlet 
Configurations, 94% of Design Speed, M ra = 0.79. 
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!;f figures show the multiphase hybrid configurations CAB and CAE to be equiva- 
>*& lent; thus, the data in Figure 57 show: (a) the effect of multiphase treat- 
V* ment configuration CAE, per se, without acceleration effects (i.e., in the 
cylindrical inlet); (b) the effect of the same treatment configuration in 
an accelerating inlet; and (c) the effect of high subsonic-flow Mach number, 
per se, without treatment effects (i.e., the cylindrical versus accelerating 
hardwall inlets). These data show the following: 

o The multiphase treatment CAE without acceleration effects increases 
in effectiveness with increasing vehicle speed, going from about 1 
3 to more than 7 PNdB in the range from 74% to 94% rpra. 

o When this same treatment design is used in the high Mach inlet, 

there is essentially the same suppression over the lower end of 

the speed range, but it decreases with higher speeds until, at 
97.5% of design speed, the treated inlet provides less suppres- 
sion than the hardwall accelerating inlet. Except at this highest 
speed point, nevertheless, the treatment provided additional 
suppression, and at 94% speed the total due to both effects is 
about 17 PNdB. 

o The suppression of the accelerating inlet due to flow effects 
alone is significant above 79% of design speed (0.6 average 
throat Mach number) and is nearly 30 PNdB at 97.5% speed (0.83 
average throat Mach number); this suggests that a choked inlet 
condition was rapidly being approached. 

The perceived noise suppression achieved with this accelerating inlet 
is compared in Figure 58 to similar suppressions attained with other inlets. 
In all cases the data have been derived from model results measured in 
anechoic chambers which have been scaled to typical turbofan sizes. Two 
sets of data were from the NASA-LRC vehicle with different high Mach number 
inlets (2), while the remaining of data were from tests at General Electric’s 
Corporate Research and Development Center anechoic chamber (unpublished). 
These results indicate that the current accelerating hardwall-inlet con- 
figuration produced comparable suppression levels relative to inlets which 
have been tested previously. 


In -Duct Acoustic Probe Data 


The acoustic results show that the suppression achieved independently 
with duct treatment and with accelerated flow are not linearly additive 
when combined in a hybrid inlet. This is consistent with prior experience 
at the General Electric Company (2 , 3) ; before this inlet treatment study, 
the difference had been ascribed to reduced treatment effectiveness due to 
higher flow rates over the treatment and/or increase in the source noise 
level resulting from the change in inlet geometry. This experimental 
program provided the opportunity to examine the suppression mechanism 
associated with hybrid inlets and to determine the relative amount of 
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PNL Suppression at 61.0 m (200 ft.) Sideline, PNdB 



Figure 58. Comparison of PNL Suppression with Other Representative 
High Mach Number Inlet Results. 




reduction attained through the treatment and throat region of the high Mach 
number inlet. 

Acoustic probe measurements were taken at three positions in the 
inlet. The first was just forward of the inlet plane; the second was just 
downstream of the inlet throat; and the third was downstream of the treatment 
section, as shown in Figure 59. Probe narrowband results are presented in 
this figure for the single-phase hybrid configuration at a throat Mach 
number of 0.72. These spectra were measured near the quter wall, approxi- • F 
mately along a streamline. The results indicate that the multiple pure 
tones and blade passing fundamental were substantially reduced as the sound 
waves propagated through the treatment section. At the measuring station 
upstream of the throat, all of the multiple pure tones and the BPF tone 
have been eliminated, and the high frequency broadband levels significantly 
reduced. 

At each of these axial positions, data were recorded with the probes 
at a number of immersions (5 to 7) and sound power levels of the blade 
passing tone were estimated by integration of the sound pressurei levels 
across the duct. Differences between probe pairs are summarized in the 
table in Figure 60 for the accelerating hardwall and single-phase hybrid 
configurations at three throat Mach numbers. The quantities listed for 
each configuration are the differences in estimated tone power level between 
the two stations indicated. That is, that listed under "Source to Bellmouth" 
is the total change in BPF power level as a consequence of the combined 
attenuation from high subsonic flow Mach number and from the acoustic 
treatment if present; that listed under "Source to Throat" is the change 
attributable primarily to the treatment when it is installed; and, that 
listed under "Throat to Bellmouth” is the change in power level attributable 
primarily to the flow Mach number effect. Actually* these measurements do 
not separate each effect rigorously, and some flow-effect attenuation is 
involved in the probe data from the throat location. Nevertheless, such 
data from these principal locations is indicative of the relative roles of 
flow-effect and of treatment in the overall attenuation. Bearing these 
qualifications in mind, the following points are of interest: 

o The "Source to Bellmouth" data show the hybrid inlet to provide 
more reduction than the hardwall accelerating inlet at all three 
speeds, so the treatment is clearly effective to some degree. 
However, from these data alone, the relative roles of the two 
attenuation mechanisms are undefined. 

o The "Source to Throat" data show that the attenuation of the 
hybrid inlet in this section increases with increasing speed, 
while that of the hardwall accelerating inlet varies from an 
apparent amplification of 3.7 dB (74% speed) to an attenuation of 
7.1 dB (94% speed) even though there was no treatment in this 
region. This behavior for the hardwall case is believed to be a 
combination of two probable effects: (a) a longitudinal standing 

wave as a result of the interaction of two or more different 
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Change 

in BPF Power 

Level, dB 




Source to 

Source to 

Throat to 

Percent 

Throat 


Bellmouth 

Throat 

Bellmouth 

Speed 

Mach Number 

Configuration 


(L W3 _L W2* 


7 4% 

0.54 

Hybrid, Single Phase 

7.8 

8.4 

-0.6 



Accelerating Hardwall 

2.6 

-3.7 

6.3 



Treatment Effect 

5.2 

12.1 

-6.9 

89% 

0.72 

Hybrid, Single Phase 

23.3 

12.0 

11.3 



Accelerating Hardwall 

14.7 

0 

14.7 



Treatment Effect 

8.6 

12.0 

-3.4 

94% 

0.79 

Hybrid, Single Phase 

27.0 

19.1 

7.9 



Accelerating Hardwall 

23.8 

7.1 

16.7 



Treatment Effect 

3.2 

12.0 

-8.8 


Figure 60. BPF Tone Suppression Based on Probe Results for High 
Mach Humber Inlet. 




spinning inodes (likely to be more important at the lowest speed 
setting), and (b) some flow-effect attenuation having already 
taken place by the time the throat probe is reached (likely to be 
more important at the highest speed setting). If these effects 
took place in both type inlets by a relatively equal amount at 
each speed setting, then the fact that the attenuation of the 
hybrid inlet relative to the accelerating inlet remains constant 
in this section (12 dB) , independent of the speed, is indicative 
that the attenuation due to the treatment, per se, has remained 
constant and has not been degraded by the increasing Mach number. 

o The "Throat to Bellmouth n data indicates that an appreciable por- 
tion of the attenuation takes place in this section on the accel- 
erating inlet; however, when there is treatment (the hybrid), the 
amount of attenuation in this section due to flow effects is 
reduced a significant amount. 

The fact that probe results indicated a reduction of the blade passing 
tone power level of 12 dB through the treatment section at each speed could 
be a coincidence, for the frequency of the tone increased with fan speed; 
however, other evidence also indicates that the tone reduction was constant 
over this speed range. One such set of data consists of duct measurements 
by means of flush-mounted microphones: the levels of the BPF tone' on the 

wall of the single phase hybrid configuration are presented in Figure 61 for 
the .three speeds; these data indicate that about 10 dB reduction occurred 
for each speed point between measurement positions 2 and 3. Also, probe 
data from the single phase cylindrical inlet, providing directly correspond- 
ing information as in Figure 60, showed 13 dB suppression by the treatment 
at the 89% speed point; this is within 1 dB of that deduced for the treat- 
ment in the high Mach inlet. Finally, the indication that the suppression 
of the BPF tone was the same, even though the frequency was changing with 
speed, is supported by the data for the single phase cylindrical inlet 
presented in Figure 30 for each of these speeds. 

Thus, rather than coincidence, the accumulated data indicate blade 
passing tone suppression through the treatment section remained approxi- 
mately unchanged as flow was accelerated, contrary to previous belief. 
Further, less reduction of the tone power level was achieved by acceleration 
of the flow through the throat when the tone had already been reduced by 
acoustic treatment downstream of the throat. Nevertheless, generally more 
total suppression was achieved with a hybrid inlet, due to the coupled 
effects of treatment suppression and acceleration suppression. 

It might be postulated that, as the sound wave propagates through a 
treated section of duct, sound energy in the higher order modes is reduced, 
i.e., the sound energy most readily absorbed. The characteristics of the 
sound waves as they enter the accelerated flow region are now quite differ- 
ent from the characteristics of the sound waves entering the same region of 
the hardwall, high Mach number inlet. Although inlet flow characteristics 
are unchanged for the throat region, the acceleration suppression mechanism 
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is working on sound waves with quite different characteristics, and less 
additional reduction of the propagating sound energy is attained for the 
sound waves with the lower order mode energy content. 


6.3.2 Aerodynamic Performance of High Mach Inlet 

The axial distribution of the wall Mach number is presented in Figure 62 
for the accelerating hardwall configuration. Similar measurements with 
essentially identical results were made for the single phase hybrid config- 
uration. The inlet generally operated as designed. The flow along the wall 
was accelerated sharply from the leading edge of the inlet lip to a point 
just upstream of the geometric throat. The flow was then rapidly diffused 
between this point and the treatment section; the diffusion continued through 
the treatment section at a slower rate, reaching a relatively constant wall 
Mach number in the downstream portion of this section. 

The data indicated that the flow became supercritical in the vicinity of 
the throat at the highest speed. This suggests that local shocks may have 
existed at this fan speed. Further, the wall Mach number distributions 
indicated that the inlet operated without separation. 

A key nondimensional parameter used to evaluate inlet aerodynamic per- 
formances is the recovery factor. Recovery is defined as the average total 
pressure from the rake divided by the barometric pressure. Calculated re- 
covery factors are shown for both the accelerating hardwall and single-phase 
hybrid configurations in Figure 63 as a function of average throat Mach 
number. Both configurations exhibited good recovery characteristics up to a 
throat Mach number of 0.8. 

In. summary, the inlet flow was accelerated to an average throat Mach 
number of 0.8 without separation, and with high recovery. These performance 
characteristics show that the noise suppression attained by accelerating the 
flow to average throat Mach numbers of 0.72 to 0.79 was achieved without 
significantly compromising aerodynamic performance. 


6.4 INLET TURBULENCE AND ASSOCIATED NOISE FOR THIS EXPERIMENTAL 

TEST CONFIGURATION ' 

The experimental results for inlet turbulence measurements and asso- 
ciated noise levels for this test set-up with and without an inlet screen are 
presented and discussed in this section for the cylindrical, accelerating, 
and single-phase hybrid inlets. 

Published information on the nature of the noise generated by the tur- 
bulence-rotor interaction mechanism(2 , 3 , 18) suggests: 
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Figure 62. Wall Mach Number Distributions for the Accelerating- 
Hardwall Inlet. 
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o The axial length of turbulent cells plays a large part in deter- 
mining the extent to which the noise is concentrated at blade 
passing frequency and its harmonics, long eddys appear to the 
rotor as a quasi steady-state distortion giving rise to strong 
tonal content; shorter eddys produce more broadband nose, 

o The intensity level of the turbulence determines the amount of 
the noise increase. 

Therefore, the three most basic quantities of interest experimentally are 
the integral-length scale in the axial direction and the two components' of 
unsteady velocity, axial and circumferential. These data were obtained at 
74%, 89%, and 94% of rotor design speed, at which the rotor tip speeds were 
subsonic a ( 0. 86 Mach No.), transonic (1.04 Mach No.), and supersonic (1.10 
Mach No.); thus, the two higher speeds involved rotor-alone noise associated 
with Mach waves on the blades as well as the ordinary turbulence-rotor 
interaction noise. 


6.4.1 Turbulence Data 

The data for the axial integral-length scale of the inlet turbulence 
for the three inlets are presented in Figure 64 for the case without the 
inlet screen and in Figure 65 with the screen. These data are for the 74% 
and 89% speed points; the 94% speed point data, not shown, was essentially 
the same as for the 89% case The data show that without the screen, the 
length scale of the turbulence was greater for the High Mach inlet (both 
accelerating and hybrid) than for the cylindrical inlet, but when the 
screen was added, both type inlets were essentially the same. This was the 
result of a reduction of the length scale for the High Mach inlet; essen- 
tially no change occurred for the cylindrical inlet. The treatment in the 
High Mach inlet, as might be expected, had no appreciable effect. 

In all cases the length scale is large, being in the range of 5 to 60 
meters or 15 to 180 fan diameters. This axial scale of turbulence is such 
that, according to Pickett’s (3) analysis, the predicted effect on the rotor 
noise generation should be primarily on BPF and harmonic tone levels. In 
fact, the analysis indicates that for this vehicle an axial eddy length of 
only three meters would cause noise at BPF and harmonics, and any increase 
in axial scale would produce no increase in tone discreteness 1 . 

The associated mean-velocity profiles, as determined by the DC com- 
ponent of the hot-wire probe, are given in Figures 66, 67, and 68 for each 
inlet with and without the inlet screen including the cylindrical, accel- 
erating, and hybrid inlets, respectively. The inlet screen had no signifi- 
cant effect upon the shape of the velocity profiles, but it did reduce the 
mean velocity a small amount. 
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Figure 64. Axial Turbulence Integral-Length Scale, Three Inlets 
74% and 89% Nf„> without Screen. 
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Figure 65. Axial Turbulence Integral-Length Scale, Three Inlets, 
74% and 89% Nf^» with Screen. 
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Figure 66. 


Mean-Velocity Profiles, Cylindrical Inlet 
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Figure 67. Mean-Velocity Profiles, Accelerating Inlet. 
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The axial and circumferential turbulence intensity levels for each of 
the three inlets with and without inlet screens are given in Figures 69, 70, 
71, 72, 73, and 74. The first three give the axial intensity and the second 
three give the circumferential intensities for the cylindrical, accelerating, 
and hybrid inlets, respectively. These data show that the turbulence in- 
tensity levels are about the same for all three inlets. 

The addition of the inlet screen generally reduced the intensity levels 
by a factor between about 1.5 to 2. Without the screen, the intensity level 
in the axial direction varied from the range of 3 to 4% near the wall to 
about 1% near the centerbody; with the screen, the values were reduced to 
about 2% near the wall and about 0.5% near the centerbody. In the circum- 
ferential direction, the levels tended to be more uniform across the duct 
although the highest value was, with only one exception, neatest' the wall. 
Without the screen, the circumferential intensity level near the wall was 
between 2 and 4%, having a higher value at the 74% speed point and a lower 
value at the 89% point; the screen reduced these values to the range of 1 to 
2%. Through the rest of the duct traverse, the circumferential intensity 
level was in the range of 1 to 2% without the screen and 0.5 to 1% with the 
screen. 

Thus, the screen was effective in significantly reducing turbulence 
intensity levels, but did not appreciably affect the axial integral- length 
scale, at least insofar as its expected effect on rotor noise is concerned. 


6.4.2 Acoustic Data 

The 1/3 octave band PWL spectra for the cylindrical, accelerating, and 
hybrid inlets are shown in Figures 75, 76, and 77, respectively; in each 
case, data are shown without and with the inlet screen, for 74, 89, and 94% 
speed points. 

At the lowest (subsonic tip) speed point, the spectra are dominated by 
the BPF tone or, in the case of the hybrid inlet, by the BPF second harmonic. 
At the middle (transonic tip) speed point, MPT's appear at levels nearly 
equal to that of the BPF 1/3 octave band in the case of the cylindrical and 
accelerating inlet; the hybrid inlet spectra, both with and without the inlet 
screen, have little MPT content but the high frequency noise from BPF through 
the next five 1/3 octave bands, dominates. At the highest (supersonic tip) 
speed point, the spectra for all inlets are dominated by MPT's. 

The primary effect of the inlet screen at the lowest speed point, as 
expected because of the long axial integral- length scale of the turbulence, 
is to reduce the BPF tone level; smaller but detectable reduction occurred at 
frequencies above the second harmonic. The reduction of the 1/3 octave band 
containing the tone was between 2 and 3 dB; that of the higher frequency 
bands was 1 dB or less. The cylindrical inlet was affected by the screen 
less than the accelerating or hybrid inlets. 
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Figure 70, Axial Turbulence Intensity with and without Inlet Screen 
Accelerating Inlet, 








SCREE 
NO SC 








Intensity* — x percent 


□ Screen 
O No Screen 



0 2 4 6 8 


Probe Immersion, cm 


Figure 72 


Circumferential Turbulence Intensity with and without 
Inlet Screen, Cylindrical Inlet • 
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Figure 76. Effect of Inlet Screen on PWL Spectra, Accelerating 
Inlet. 
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The effect of the screen at the highest speed point was mixed, varying' 
from showing essentially no change for the cylindrical inlet , to showing a 
decrease over the full spectral range for the accelerating inlet, and to 
showing an increase over part and a decrease over the' remainder of the 
spectrum for the hybrid inlet. 

This change in behavior of the effect of the screen between the lowest 
andf the highest speed points is probably the result of a change in the 
source mechanism from one of turbulence-rotor interaction to the one which 
is responsible for MPT generation. And, the data for the intermediate 
speed setting is probably the consequence of a mixture of these two effects. 

< At the lowest speed point, the, 1/3 octave band containing the BPF tone 
varied throughout the farfield arc as shown in Figure 78. The difference 
caused by the inlet screen varied from zero up to more than 6 dB reduction 
(neVer- an increase) showing that the inlet turbulence 1 without ‘ tHe screen 
was r an important factor- in the BPF noise observed in this test setup. 

> . .• i . . . • ' 

, There is reason to believe that the BPF tone which remained when the 
screen was installed still contained rotor-turbulence interaction generated 
noise.. The axial turbulence scales, even with the screen installed, were 
still well above lengths needed to generate pure tone noise. Also, turbulence 
intensities in the important blade tip region seldom fell much below 2 percent. 
Further noise reductions may have been obtained with larger decreases in 
turbulence. 


Angle from Inlet, Degrees 


Figure 78. Effect of Inlet Screen on BPF 1/3 Octave Band Level as 
a Function of Farfield Angle, 74% Np,-.. 







SECTION 7.0 


CONCLUSIONS 


Based upon the analytical and experimental results from the program 
described in this report, the following conclusions have been reached: 

1. The analysis of Zorumski as implemented in the computer program 
ACTAMD predicts the correct magnitude and proper trends of suppres- 
sion, within about 50% of that measured, even with the relatively 
crude mathematical models, used to define the source characteristics 
and to estimate the acoustic treatment impedance components under 

the actual test conditions. 

* § . , . . , , ... ;• 

2 . Multi-segmented acoustic treatment provided substantial improvement, 
relative to single phase (uniform) treatment, over a broad range of 
low frequencies. This improved performance was found not only for 
the cylindrical but also for the hybrid inlet. 

3. The accelerating inlet concept provides substantial amounts of 
suppression when the average throat Mach number is in the range of 
0.72 to 0.79, without compromising the aerodynamic performance of 
the inlet. 

In the hybrid inlet, the suppression was found to be less than the 
linear sum of that for the accelerating inlet and for the treatment, 
based on data for each effect measured separately. Acoustic probe 
data on blade-passing-frequency tone levels suggests that the 
difference is not in the loss of treatment effectiveness but is a 
result of reduced suppression in the throat region. 

5, The measurement of the spinning modes by means of the acoustic mode 
probe used in this program was possible for subsonic tip speeds of 
the stage, when the measurement was made on the source side of the 
treatment. Some question remains with regard to the repeatability 
of the data, and there is some evidence that the probe, itself, 
influenced the sound field; in future work, attempts at such 
measurement on compressor or fan inlets should investigate the 
feasibility and suitability of flush wall mounted sensors. Radial 
as well as circumferential modal information is required, whichever 
technique is used. 

6. Inlet turbulence levels associated with the test configuration and 
setup used in this program can be reduced by an inlet screen. 
Reduction of the blade-passing-frequency and harmonic tones of the 
test vehicle resulted when a screen was added in the current in- 
vestigation; some residual turbulence-rotor interaction noise 
was still present even after the screen was added. 
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